Acanthamoeba species are infected by the largest known DNA viruses. These include icosahedral Mimiviruses, amphora-shaped Pandoraviruses, and Pithovirus sibericum, the latter one isolated from 30,000-y-old permafrost. Mollivirus sibericum, a fourth type of giant virus, was isolated from the same permafrost sample. Its approximately spherical virion (0.6-μm diameter) encloses a 651-kb GC-rich genome encoding 523 proteins of which 64% are ORFans; 16% have their closest homolog in Pandoraviruses and 10% in Acanthamoeba castellanii probably through horizontal gene transfer. The Mollivirus nucleocytoplasmic replication cycle was analyzed using a combination of "omic" approaches that revealed how the virus highjacks its host machinery to actively replicate. Surprisingly, the host's ribosomal proteins are packaged in the virion. Metagenomic analysis of the permafrost sample uncovered the presence of both viruses, yet in very low amount. The fact that two different viruses retain their infectivity in prehistorical permafrost layers should be of concern in a context of global warming. Giant viruses' diversity remains to be fully explored.
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giant virus | permafrost | Pleistocene F ollowing the serendipitous discovery of Mimivirus, the first giant virus with particles large enough to be easily visible under a light microscope (1, 2) , systematic surveys were launched to assess the diversity of these spectacular Acanthamoeba-infecting viruses in a planet-wide variety of environments. This led to the discovery and characterization of additional Mimivirus-like viruses now gathered into their own distinct family of DNA viruses, the Mimiviridae. They share a unique external fiber layer enclosing a pseudoicosahedral protein capsid of about 0.5 μm in diameter, itself containing lipid membranes surrounding an electron-dense nucleoid. Their genomes are made of an adenine-thymine A+T-rich linear dsDNA molecule up to 1.26 Mb in length predicted to encode up to 1,120 proteins (3), including a transcription apparatus allowing them to replicate in the host's cytoplasm (4, 5) . The Mimiviridae family is still expanding (6) and diversifying with more distant and smaller representatives (both in terms of particle and genome size) that infect nonamoebal unicellular protists (7) (8) (9) .
The search for additional Acanthamoeba-infecting viruses led to the discovery of the Marseilleviridae, now a rapidly growing family of large dsDNA viruses with icosahedral particles 0.2 μm in diameter and genome sizes in the 346-to 380-kb range (10) (11) (12) (13) . The next discovery was that of the spectacular Pandoraviruses isolated from two remote locations, central Chile (Pandoravirus salinus), and Melbourne, Australia (Pandoravirus dulcis) (14) . Their amphorashaped virions are 1.0-1.2 μm in length and 0.5 μm in diameter and exhibit a membrane-bound empty-looking compartment encased into a ∼70-nm-thick tegument-like envelope. Their particles carry a linear G+C-rich dsDNA genome of 2.77 Mb for P. salinus, and 1.93 Mb for P. dulcis. The 2.24-Mb sequence of a third Pandoravirus genome was recently made available [Pandoravirus inopinatum (15) ]. These genomes encode a number of predicted proteins comparable to that of the most reduced parasitic unicellular eukaryotes, such as encephalitozoon species (14) . In contrast with Mimiviridae, Pandoraviruses' replication cycle involves (and disrupts) the host nucleus.
Searching for Acanthamoeba-infecting virus in increasingly exotic environments allowed the discovery of Pithovirus sibericum infectious particles, which were recovered from a sample of Late Pleistocene Siberian permafrost (16) . Although Pithovirus's virions looked similar to those of Pandoraviruses both in terms of size and overall shape, further analyses indicated that the two
Significance
The saga of giant viruses (i.e. visible by light microscopy) started in 2003 with the discovery of Mimivirus. Two additional types of giant viruses infecting Acanthamoeba have been discovered since: the Pandoraviruses (2013) and Pithovirus sibericum (2014), the latter one revived from 30,000-y-old Siberian permafrost. We now describe Mollivirus sibericum, a fourth type of giant virus isolated from the same permafrost sample. These four types of giant virus exhibit different virion structures, sizes (0.6-1.5 μm), genome length (0.6-2.8 Mb), and replication cycles. Their origin and mode of evolution are the subject of conflicting hypotheses. The fact that two different viruses could be easily revived from prehistoric permafrost should be of concern in a context of global warming.
types of viruses were unrelated (16) . Pithovirus genome is a much smaller 600-kb circular A+T-rich dsDNA molecule predicted to encode only 467 proteins. In contrast with Pandoravirus, Pithovirus replicates in the host cytoplasm.
From the same permafrost sample, we isolated Mollivirus sibericum, the first representative (to our knowledge) of a fourth type of giant viruses infecting Acanthamoeba. Both transcriptomic and a detailed proteomic time course were used to analyze the infectious cycle of Mollivirus, which appeared markedly different from the previously described viruses infecting the same host. A metagenomic survey was performed to validate the presence and to quantify Pithovirus and Mollivirus in the original permafrost sample. Our results suggest that giant viruses are much more diverse than initially assumed and demonstrate that infectious viral particles with different replications schemes are present in old Siberian permafrost layers.
Results
Particle Morphology. Mollivirus was initially spotted using light microscopy as rounded particles multiplying in a culture of Acanthamoeba castellanii inoculated with a sample of Siberian permafrost from the Kolyma lowland region (SI Methods). After amplification, the particles were analyzed by transmission electron microscopy (TEM) and scanning electron microscopy. Mollivirus's roughly spherical particles are 500-600 nm in diameter and appear surrounded by a hairy tegument (Fig. 1A) . By thin-section TEM, the particles appear to be surrounded by two to four 25-nm-spaced rings corresponding to fibers of different lengths (Fig. 2D) . The tegument is made of at least two layers of different densities and structures. The external layer (10 nm thick) appears to form 30-to 40-nm-interspaced strips tangent to the surface of the particle (Figs. 1B and 2B ). The internal layer is 12-14 nm thick and is made of a mesh of fibrils resembling those constituting the central layer of Pandoravirus's tegument (Fig.  1C) (14) . On the surface of the Mollivirus particle, the genomedelivery portal coincides with a circular depression 160-200 nm in diameter (Fig. 1) , which could be the consequence of the lack of fiber at the virion apex. At least one internal lipid membrane is delimiting the spacious inner compartment of the virion that is devoid of discernible substructures ( Fig. 1 B and C) .
Replication Cycle. Mollivirus replication strategy was documented by following its propagation in axenic A. castellanii cultures over an entire multiplication cycle, starting from purified particles at a very high multiplicity of infection (MOI of 50) to warrant the synchronization of the infection. As for all previously described giant viruses infecting Acanthamoeba, the replication cycle begins with the phagocytosis of Mollivirus particles with up to 10 virions per cell, either distributed in individual vacuoles or gathered in the same vacuole. The opening of the particle was never clearly visualized due to the thickness of the ultrathin sections, larger than the dimension of the genome-delivery funnel. However, the fusion between the virion internal lipid membrane and the vacuole membrane was clearly observed (Fig.  1B) . The release of the 5-ethynyl-2′-deoxyuridine (EdU)-labeled Mollivirus viral DNA into the cell cytoplasm and its migration to the nucleus was visualized using fluorescence microscopy (Fig.  3) . The Acanthamoeba cells maintained their trophozoite shape and remained adherent throughout the whole cycle. The number of visible vacuoles started to decrease 4-5 h postinfection (PI), and neosynthesized virions appeared in the extracellular medium 6 h PI without exhibiting the cell lysis characterizing previously described giant viruses (2, 14, 16). As for Pandoraviruses, the cell nucleus becomes disorganized with numerous invaginations of the nuclear membrane, but although the nucleus vanishes to be replaced by the Pandoravirus virion factory (VF), the synthesis of new Mollivirus virions occurs at the periphery of the persisting, albeit deformed, nucleus ( Fig. 2A) . Organelles are excluded from this area, which becomes filled with a mesh of fibrillary structures ( Fig. 2 B and C) , presumably corresponding to viral proteins composing the particles (Fig. 2D) . The nucleus appears also filled with these fibrillary structures, making it an integral part of the Mollivirus VF ( Fig. 2A) .
The process by which virions are formed is reminiscent of Pandoraviruses, with the envelope and the interior of the Mollivirus particles being synthesized simultaneously (14) (Fig. 2B ), but the genome delivery portal apex of Mollivirus particles appears to be formed last instead of first. After 6-8 h, particles at various stages of maturation may coexist in the same VF while mature virions are seen in vacuoles, suggesting that most, if not all, of them are released via exocytosis. Each cell seems to release few hundreds (200-300) new viral particles.
Mollivirus Genomic Features. Mollivirus genome is a linear dsDNA G+C-rich (60%) molecule of 651,523 bp, including a ∼10-kblong inverted repeat at each extremity. In contrast to the 610-kb A+T-rich genome of Pithovirus, it is remarkably devoid of internal repeats (Fig. S1 ), hence making sequence assembly comparatively easier (16) .
Protein-coding regions were predicted using Genemark (17) , and the limits of the corresponding genes precisely mapped using transcriptome sequencing. Poly-A + -enriched RNA were extracted from Mollivirus-infected Acanthamoeba cells 30 min to 9 h PI, and then used to build three different sequencing libraries by pooling three consecutive times roughly corresponding to the "early" (30 min and 1 and 2 h), "intermediate" (3, 4 , and 5 h), and "late" transcripts (6, 7, and 9 h). Most reads (96-98%) could be mapped onto the Mollivirus or Acanthamoeba castellanii (18) genome sequences.
The above analyses identified 523 protein-coding genes (noted ml_#ORF number; ORF, open reading frame) and three tRNAs (Leu TTG , Met ATG , Tyr TAC ). There was no clear signal for the presence of non-protein-coding poly-A + transcripts and more than 90% of the predicted genes were associated to RNA-seq coverage values higher than that of the intergenic regions (Fig.  S2) . The total protein-coding moiety corresponds to 82.2% of the genome, 8.2% to the short 5′-and 3′-untranslated regions and 9.6% to the intergenic regions (120 nt long in average). The analysis of these intergenic regions did not reveal enriched sequence motifs that might indicate a conserved promoter signals. This negative finding is consistent with the lack of stringent transcriptional regulation exhibited by most Mollivirus genes, the transcripts of which were detected, albeit at various levels, in the early, intermediate, and late mRNA pools.
The mapping of the RNA-seq reads on the Mollivirus genome sequence pointed out the presence of short (87.6 ± 8.6 nt; min, 59; max, 159; median, 84) spliceosomal introns delimited by the canonical 5′-GT-3′-AG rule in 21 (4%) of the 523 proteincoding genes, evenly distributed along the genome. With the exception of ml_476 (with four introns of 87, 59, 70, and 83 nt) and ml_89 (with three introns of 67, 75, and 67 nt), there is a single intron per gene. All correspond to transcripts remaining detectable in the intermediate and late mRNA pools (Table S1) , and two introns-containing genes (ml_476, ml_320) correspond to proteins found in the virion, suggesting that the host's spliceosome remains functional throughout the entire replication cycle, despite the morphological changes exhibited by the nucleus. Alternatively, the viral mRNAs may be stable enough to remain present all along the replicative cycle.
The sequences of the Mollivirus predicted proteins were analyzed using BLAST against the nonredundant protein sequence database (National Center for Biotechnology Information) (19) and a combination of motif search and protein-fold recognition methods [as previously described (16)]. As it is customary upon discovery of the first member of a previously unknown virus group, the proportion of Mollivirus protein without a recognizable homolog was high (337/523 = 64.4%). Among the Mollivirus proteins with homolog in the databases, 93 (17.8%) were most similar to a virus protein, 50 (9.6%) to an A. castellanii protein, 22 (4.2%) to proteins of other eukaryotes, and 18 (3.4%) to prokaryotic proteins (Fig. 4) .
In contrast to Pithovirus (also the unique representative of its kind), a highly dominant proportion (83/93 = 89.2%) of the viral best matches to Mollivirus proteins correspond to a single known virus group, the Pandoraviruses (14) . However, the Pandoravirus homologs exhibit low sequence similarities (identity, 40.4 ± 2.8%; median, 37.7%). Fifty-one (61.4%) of them display a recognizable Proteome of Purified Mollivirus Particles. The particles of the previously described giant viruses (14, 16, 20, 21) are all associated with a large number of proteins. The Mollivirus sibericum virion is no exception, with up to 230 proteins, each of them reliably detected by the identification of at least two different peptides using tandem mass spectrometry (SI Methods). Most of them (187) were detected in at least two out of three independent virion preparations (biological replicates) ( (Table S3A) , a proportion similar to that in the whole viral gene content. The seven components of virus-encoded transcription apparatus are conspicuously absent in the virion proteome (Table S2) confirming that the early stage of Mollivirus replication requires nuclear functions, as already suggested by the rapid migration of the Mollivirus genome into the nucleus (Fig. 3 ) and the morphological changes undergone by the host nucleus during the infectious cycle ( Fig. 2A) . The three most abundant virion proteins correspond to ORFans, followed by the ml_347 gene product, homolog to the major capsid protein found in all large icosahedral DNA viruses, although Mollivirus particles do not exhibit such symmetry. This protein was not among the seven proteins found to lie at the virion surface as probed by limited trypsin proteolysis of intact purified particles (highlighted in blue, Table S3A ). Only 3 of the 22 Ankyrin-repeat containing proteins identified in the Mollivirus genome are part of the particle proteome, indicating that most of them are not structural proteins but might participate in intracellular interactions. The same is true for the three BTB/POZ domain-containing proteins. In contrast, six of the eight predicted oxidoreductases are detected in the particle (Table S2) , most likely to counteract the oxidative stress encountered in the Acanthamoeba phagosome (21) . A YjgF-like domain, putative translation inhibitor homolog (ml_79, ranking 11th) and a lipocalin (ml_287, ranking 12th) are among the proteins of functional interest in the particle, together with two enzymes that might participate to the glycosylation of the Mollivirus virion proteins (GlcNAc transferase ml_336, glycosyltransferase ml_353) labeled by standard in-gel glycoprotein detection kits. In contrast to the Mollivirus-encoded proteins, a putative function could be predicted for 84 (89.4%) of the 94 Acanthamoeba gene products detected in the Mollivirus virions (Table  S3A ). The first host-derived protein ranks 55th in the particle proteome abundance list, a difference further reflected by the comparison of the whole abundance index distributions of the 136 Mollivirus proteins vs. the 94 Acanthamoeba proteins (65 of which were detected in 2/3 replicates) ( Table S3A ). The two distributions are significantly different (Kolmogorov-Smirnov, P < 0.001) with respective average values of 6.45 ± 2.36 × 10 . Assessing to which level of abundance low ranking Acanthamoeba gene products retain a functional significance will require further experimental studies. Pending these validations, three categories of functions appear to dominate the Acanthamoeba-derived moiety of the Mollivirus particle. The first one-and most unexpected-are 11 ribosomal proteins both from the small (S4, S7, S8, S9, S15, S23) and large subunits (L5, L6, L18, L30, L35) detected in two or all of our biological replicates (Table S3B ). A total of 23 different ribosomal proteins (together with a ribosomal RNA assembly protein and the ribosome anti-association factor IF6) are detected to various extents of reproducibility, most likely due to a combination of their small size and low abundance (Table S3B ). The second largest category is constituted of other mRNA binding/processing enzymes such as five helicases including a homolog of the capbinding translation initiation factor 4A, and three other proteins involved in nuclear RNA processing and transport. Adding three histone homologs, HMG-like chromatin-associated proteins, and a homolog of the nuclear Es2 proteins, the Mollivirus particles incorporate a total of 13 different proteins normally confined to the host nucleus. The third most important category consists of Acanthamoeba gene products with similarity to actin, actingbinding or acting cross-linking proteins (profilins, actophorin, fascin, talin, etc.). This is a total of 11 proteins that might participate in the transport of the virion content to the nucleus through the reorganization of the host cytoskeleton (22) .
We further investigated the location of the host-contributed proteins in the virion by comparing the peptides identified after limited proteolysis of intact particles to the fully digested particles. Our results (Table S3A) suggest that the detected Acanthamoeba proteins are most likely not simply associated to the particle surface and are thus presumably incorporated within the virions. These host-derived proteins are thus in a position to be involved in the early stage of the next infectious process.
Host-Virus Proteome Dynamics Throughout a Full Replication Cycle.
For convenience, mRNA abundances measured by deep sequencing are widely used as proxies for protein abundances, even though weak correlations have often been demonstrated between the two measures (23) . Indeed, what happens within a cell at a given time is a direct consequence of protein abundances, not of the levels of their cognate transcripts. In this study, we directly examined the variation of expressed functions and proteins occurring in A. castellanii infected by Mollivirus by performing a series of proteome analyses at regular intervals throughout the whole virus replication cycle. First, the quantified abundances of proteins were analyzed globally, mixing Mollivirus-encoded, mitochondrion-encoded, and host's nucleus-encoded proteins (Fig. S3) .
As expected, a small peak of viral proteins was detected at 30 min PI, corresponding to the most abundant proteins of the Mollivirus virions detectable in the host after internalization. The relative abundance of neosynthesized viral proteins then increased steadily over time, as to represent about 16% of the total protein content of the virus-host system 6 h PI when the first virions are synthesized, and 23% 9 h PI. Symmetrically, the relative abundance of the host-encoded protein linearly decreases over time, a pattern consistent with the release of neoformed particles through exocytosis (i.e., preserving the host cell integrity) rather than through cell lysis. Interestingly, the relative abundance of mitochondrionencoded proteins followed a parallel pattern, suggesting that these ATP-producing organelles are neither activated nor specifically degraded during the Mollivirus infectious cycle.
Given the above finding that no component of the Mollivirusencoded transcription apparatus was detected in the virion proteome, we expected that its replication cycle should exhibit two markedly different phases during which viral genes are initially transcribed in the nucleus by the host apparatus before being taken over by the virus-encoded apparatus. Such a shift is well illustrated in Fig. 5 , showing the respective abundances of the DNA-dependent RNA polymerase main subunits (RPB1, RPB2) of the host and virus, during the first 6 h PI. Before 4 h PI, the Mollivirus-encoded RPB1 and RPB2 proteins remain undetected, and then appear and maintain the same abundance throughout the rest of the replication cycle. This indicates that all viral proteins newly produced before 3-4 h PI are the products of genes transcribed by the host transcription machinery, presumably within the intact amoeba nucleus. Once established, the abundances of the Mollivirus RPB1 and RPB2 proteins remain mostly unchanged during the rest of the replication cycle, whereas those of their cellular counterparts, initially present at the same level, begin to decrease after 4 h simultaneously to the morphological change exhibited by the nucleus (Fig. 2A) . Noticeably, the viral DNA polymerase is readily detected 3 h PI, whereas the level of its cellular homolog remains very low (Fig. 5) .
This coarse analysis of Mollivirus infectious cycle was refined by analyzing the abundance of all of the virus-encoded proteins at various times PI (from 30 min to 6 h). A clustering algorithm (SI Methods) was used to help visualize discriminating patterns in the resulting heat map (Fig. S4 ) built with all of the proteins reliably detected at two or more time points.
The largest set of proteins corresponds to those exhibiting a peak of production between 3 and 4 h PI. They correspond to "intermediate" genes presumably transcribed by the neosynthesized virus-encoded machinery (although the cellular one may still be functional). Proteins belonging to this group include the virus mRNA capping enzyme (ml_416) and its cap-binding translation initiation factor 4E (ml_363) amid a large number of proteins of unknown functions. Before this phase, a group of "early" proteins involved in the replication of DNA (e.g., DNA polymerase: ml_318; various helicases: ml_266, ml_359, ml_385) becomes detectable 1 h before (i.e., 3 h PI). Consistently, the few Mollivirusencoded enzymes predicted to participate in the synthesis (or salvage) of nucleotides becomes detectable at the same time, or 1 h before (e.g., nucleotide diphosphate kinase: ml_233; dihydropholate reductase: ml_37; deoxyuridine 5′-triphosphate nucleotidohydrolase: ml_29; guanylate kinase: ml_103). A fourth well-delineated pattern (Fig. S4 , Bottom) characterizes a group of 48 proteins brought in by the infecting virus particles. Their abundance decreases steadily, as they are presumably degraded in the host cell phagosome, until 4 h PI. Their increase signs the synthesis of new viral particles and the end of the replication cycle. The 11 proteins detected 1 h PI, but not found in the particle proteome, must be transcribed before that time. This can only be achieved if the Mollivirus genome can quickly reach the nucleus in the 30 min following its translocation from the phagosome to the cytoplasm (Fig. 3) . Only three of these early proteins have a predicted function (ml_25 is a nuclease, ml_29 is a dUTPase, and ml_114 is a serine/threonine protein kinase).
We then investigated the influence of Mollivirus infection on the expression of Acanthamoeba proteins. We first noticed that, among 2,474 different Acanthamoeba proteins reliably detected in uninfected cells and at least two time points PI, 2,406 exhibited less than a twofold change in their relative abundance at any point in time during the first 6 h PI (Fig. 6) . Thirty of them appear "upregulated" and 38 "down-regulated." This first result indicates that Mollivirus infection preserves the global integrity of the host cell even after the apparent disruption of its nucleus. This is consistent with our observation (Fig. 2) that the infected cells can support the production of Mollivirus virions for several hours, shedding virions in the surrounding medium without drastic impairment of their viability. Focusing on proteins exhibiting more than a twofold change in abundance (Fig. 6 and Table S4), the most dramatic (about 16× fold) increase corresponds to the largest subunit of the diphosphate ribonucleotide reductase, an enzyme absolutely required for DNA synthesis, conspicuously absent from the viral genome. The abundance profile of this cellular enzyme steadily increases from 2 to 5 h PI (Fig. 6 ), in phase with that of the viral DNA polymerase (Fig. 5) . We also noticed that three of the host proteins exhibiting more than a twofold increase in abundance ended up associated with the Mollivirus particle: an autophagy protein that might be involved in intracellular membrane reorganization along with an H2A core histone paralog and a high mobility group box domain-containing protein that might be involved in DNA packaging. On the other end, the list of proteins exhibiting a significant decrease in abundance contains a variety of enzymes without clear functional relationship. The most important decreases concern a haem peroxidase and a monoamine oxidase corresponding to two adjacent genes (Table  S4) . Interestingly, the virus encoded haem peroxidase (ml_395) starts accumulating when the host enzyme reaches a minimal level (3 h PI). Intriguingly, the Acanthamoeba proteins associated to the Mollivirus particles exhibit a variety of abundance profiles, many of which are not progressively increasing over time.
Direct Detection of Pithovirus and Mollivirus DNA in the Original
Permafrost Sample. Mollivirus sibericum and the previously described Pithovirus sibericum (16) have been isolated from the same 30,000-y-old permafrost sample using a similar Acanthamoeba cocultivation protocol. To demonstrate their presence and measure their relative abundance, we sequenced DNA directly extracted from the original permafrost sample, in search for cognate sequences. Out of 368,474,026 100-nt pair-ended reads generated on an Illumina platform, 336 and 125 could be mapped (>92.5% identity) on the Mollivirus and Pithovirus genome sequence, respectively ( Table 1) . As a control for an eventual cross-contamination, we looked for the presence of reads matching the genome of the modern giant viruses routinely cultivated in the laboratory. A total of only seven (most likely spurious) reads were found to match: Mimivirus (four reads, <92% identical), Pandoravirus salinus (one read, 96% identical), Pandoravirus dulcis (one read, 85% identical), and Megavirus chilensis (one read, 66% identical). Although the mapped reads only covered 4.8% and 2% of the Mollivirus and Pithovirus genomes, respectively, their distributions are quite uniform (Fig. 7) . Interestingly a coverage of 3.6% was found for the 46.7 million-bp haploid genome of A. castellanii (27,894 mapped reads), indicating the presence at a very low-but similar-abundance level of the viruses host in the permafrost sample. More precisely, these respective coverages values correspond to a ratio of 1.1 Pithovirus and 2.7 Mollivirus virions per A. castellanii cell in the original sample.
Discussion
Using Acanthamoeba castellanii as bait, we isolated a new type of giant DNA virus from the same sample of 30,000-y-old permafrost from which we recently characterized Pithovirus sibericum (16) . Although this virus, named Mollivirus sibericum, again exhibits a nonicosahedral ovoid particle, its nucleus-dependent mode of replication, genome organization, and gene content definitely indicate that it does not belong to the Pithovirus (proposed) family nor to the Iridovirus and Marseillevirus families with which Pithovirus sibericum exhibit a weak phylogenetic affinity (Fig. 8) .
Instead, and quite unexpectedly given their differences in morphologies and virion and genome sizes, Mollivirus sibericum phylogenetically clusters as a distant relative of the giant Pandoraviruses (14, 15) . However, it is not yet clear if this phylogenetic position is due to a truly ancestral relationship of Mollivirus sibericum with the Pandoraviruses, or to the insertion of 83 Pandoravirusderived genes into an otherwise unrelated Mollivirus genomic framework, unusually prone to horizontal gene transfers as also suggested by the presence of 50 putatively Acanthamoebaderived genes (Fig. 4) . The latter hypothesis is consistent with the lack of detectable colinearity between Mollivirus and the Pandoraviruses genomes (Fig. S5) . We also noticed that, out of the 136 viral proteins in Mollivirus virions, only 28 have a homolog in Pandoravirus particles. Moreover, these pairs of homologous proteins exhibit highly discrepant abundances in their respective virion proteomes and the sets of the 20 most abundant virion proteins in Mollivirus and P. salinus (representing more than 60% of the total protein abundance) do not overlap. This suggests that the basic structures of the two particles are very different despite their common ovoid shape. The virion proteins shared by Mollivirus and Pandoravirus might thus be involved in host-specific interactions rather than bona fide structural features. The isolation and characterization of additional independent Mollivirus sibericum relatives will permit to assess the diversity of this new candidate family and the robustness of its phylogenetic relationship with the Pandoraviruses. It is worthwhile to notice that, to the best of our knowledge, no previous sighting of a Mollivirus-like endoparasite have been reported in the past literature, in contrast with Pithovirus (16, 24) . Until Mollivirus sibericum relatives are isolated Gray points correspond to proteins showing a maximal variation of less than twofold, whereas orange points have a maximal variation of more than twofold (Table S4 ). The abundance profiles (Top and Bottom Insets) throughout the entire infectious cycle are shown for the protein exhibiting the largest increment (ribonucleoside diphosphate reductase) and the largest decrease (a peroxidase) (red points). in contemporary environments, we cannot rule out that the permafrost was the only reservoir left for this viral family. Our characterization of Mollivirus sibericum extensively relied on detailed proteomic analyses of both the particle and its replication cycle. The proteome of the particle revealed two main features: the absence of an embarked transcription apparatus and the unusual presence of many ribosomal (and ribosome-related) proteins. The first feature is consistent with the early migration of the viral genome to the nucleus (Fig. 3) , the host nucleus morphological changes, the perinuclear location of the virion factory (Fig. 2) , and the presence of introns in some viral genes (Table S1 ), all suggesting that the early replication stages of Mollivirus requires nuclear functions.
The large number of ribosomal proteins detected within Mollivirus particles is most unusual, and to our knowledge unique among Fig. 7 . Cumulative mapping of the metagenomic reads on the Mollivirus and Pithovirus genomes. Cumulative distribution of the 336 and 125 100-nt metagenomics reads that could be mapped (>92.5% identity) on the Mollivirus and Pithovirus genome sequence, respectively. Although only 4.8% of the Mollivirus genome and 2% of the Pithovirus genome are covered, the mapped read distributions are quite uniform, consistent with the presence of the whole viral genomes in the DNA mixture extracted from the permafrost sample. The vertical bars correspond to the multiple regularly interspersed copies of the noncoding repeat scattered along the Pithovirus genome (16) . These repeats do not coincide with a local increase in genome coverage by metagenomics reads. Fig. 8 . Cladistic clustering of representatives of the main families of large and giant DNA viruses infecting eukaryotes. The phylogenetic tree was constructed using neighbor joining on distances computed from a presence/absence matrix defined on 3,001 distinct genes clusters (SI Methods). Support values were estimated using bootstrap resampling (n = 10,000) and indicated when >50%.
giant (14, 16, 20, 21) or more conventional DNA viruses for which proteomic studies are available (25) . The sole other documented association of virus particles and ribosomes acquired from their host concerns the Arenaviruses, a single-stranded RNA virus family, that do not have any phylogenetic relationship with Mollivirus. In contrast with Arenavirus, TEM images of Mollivirus virion do not exhibit the grainy appearance of ribosomal particles. In addition, our attempts to reveal the presence of ribosomal RNA in purified Mollivirus particles have remained unsuccessful. This suggests that the ribosomal (and ribosome-related) proteins we detected are not from intact ribosomes, but may originate from the nucleolus in the vicinity of which part of the virion assembly takes place. The fact that ribosomal proteins were never identified in other viruses such as Pandoraviruses or Chlorella viruses installing their virion factory in the host nucleus is puzzling and raises the question whether these ribosomal proteins are mere bystanders or play a role in the Mollivirus infectious process.
We then explored the course of an entire infectious cycle using quantitative proteomics to examine the nature and dynamics of virus-host interactions. At the most global level, the relative proportions of Mollivirus-, mitochondrion-, and Acanthamoebaencoded proteins were found to vary rather smoothly, consistently with an infectious pattern preserving the cellular host integrity as long as possible and with the release of neoformed particles through exocytosis. The relative abundance of mitochondrion-encoded proteins followed a pattern parallel to that of other proteins, suggesting that these ATP-producing organelles are neither activated nor specifically degraded, during the first 6 h PI. Only 30 and 38 host proteins (1.45% and 1.53%, respectively, of 2,474 total protein seen at least in two time points) were found to be significantly up-regulated or down-regulated. None of them are homologous to innate immunity response related proteins seen to be up-regulated in mammalian cells undergoing a cytomegalovirus infection (26) . An unexpected finding of the proteomic time course was that the synthesis of the virus-encoded DNA polymerase appeared to precede that of the viral transcription machinery, also shown to coexist with that of the host (Fig. 5) . This suggests that the transcription of Mollivirus intermediate and late genes (i.e., 3 h PI) might proceed from both the original and neosynthesized DNA molecules and be simultaneously performed by the viral and host-derived transcription apparatus.
Mollivirus sibericum is now the third type of nonicosahedral giant virus discovered in less than 3 y using A. castellanii as a model host (14) (15) (16) . This suggests that this morphotype is probably not rare and predicts that many more are to be found, including some that might have been misidentified as uncultivable bacteria in the context of human and animal diseases. These three types of nonicosahedral viruses have several key characteristics in common, despite exhibiting no or little phylogenetic affinities: ), a characteristic feature of the previously described Pandoraviruses and Pithovirus. The DNA-packaging mechanisms used by these giant viruses remain to be elucidated, as well as the molecular 3D structure of the viral genome inside the particle. ii) All three types of virus particles are lined by an internal lipid membrane and use the same mechanism to infect their Acanthamoeba host: phagocytosis followed by the opening of a delivery portal, fusion of the internal virion membrane with the phagosome membrane, and delivery of the particle content in the cytoplasm. iii) All of these giant viruses exhibit large proportions (>2/3) of encoded proteins without homologs, even between each other, raising the question on the origin of the corresponding genes, or of the mechanisms by which such diverse gene repertoire could be generated. With the exception of Pithovirus, the genomes of Mollivirus and Pandoraviruses do not exhibit mobile elements or repeated structures known to promote genomic instability.
On the other hand, these three types of giant nonicosahedral viruses exhibit marked differences: (i) G+C-rich (Mollivirus, Pandoraviruses) or A+T-rich (Pithovirus) genomes; (ii) linear (Mollivirus, Pandoraviruses) or circular (Pithovirus) genomes; (iii) high variability in genome sizes (600 kb for Mollivirus and Pithovirus, up to 2.8 Mb for Pandoraviruses); and (iv) their replication mode is either nucleocytoplasmic (Mollivirus, Pandoraviruses) or entirely cytoplasmic (Pithovirus).
Such different features in giant viruses infecting the same Acanthamoeba host support our previous suggestion that Pandoravirus-like particles might be associated to a diversity of viruses as large as that associated with icosahedral capsids in terms of evolutionary origins, genome size, or molecular nature (DNA or RNA) (14, 16) .
Finally, our finding that two different viruses infecting the same host could be revived from a single permafrost sample, definitely suggests that prehistory "live" viruses are not a rare occurrence. Furthermore, the roughly equal representation of the two viruses in the metagenomics data suggests that there is no difference in the survival capacity of particles of either cytoplasmic (Pithovirus) or nucleus-dependent viruses (Mollivirus). Such modes of replication also correspond to the Poxvirus and Herpesvirus families, respectively. Although no read sequences were close enough to detect known Poxvirus and Herpesvirus isolates in the metagenome of our permafrost sample, we cannot rule out that distant viruses of ancient Siberian human (or animal) populations could reemerge as arctic permafrost layers melt and/or are disrupted by industrial activities.
Methods
Mollivirus sibericum Isolation and Production. Mollivirus was isolated from a piece of the buried soil sample P1084-T as previously reported (16) . Four hundred milligrams of P1084-T were resuspended in 6 mL of Prescott and James medium (27) , and then used for infection trials of A. castellanii (Douglas) Neff (ATCC 30010TM) cells adapted to resist Fungizone. Cultures presenting an infected phenotype were recovered, centrifuged for 5 min at 500 × g to remove the cellular debris, and used to infect T-75 tissue culture flasks plated with fresh Acanthamoeba cells. After a succession of passages, viral particles produced in sufficient quantity were recovered and purified. See SI Methods for details.
Genome Sequencing, Assembly, and Annotation. Five hundred nanograms of purified genomic DNA were sheared to a 150-to 700-bp range using the Covaris E210 instrument (Covaris) prior Illumina library preparation using a semiautomatized protocol. Briefly, end repair, A-tailing, and ligation of Illumina compatible adaptors (Bioo Scientific) were performed using the SPRIWorks Library Preparation System and SPRI TE instrument (Beckman Coulter), according to the manufacturer's protocol. A 300-to 600-bp size selection was applied to recover most of the fragments. DNA fragments were amplified by 12 cycles of PCR using Platinum Pfx Taq Polymerase Kit (Life Technologies) and Illumina adapter-specific primers. Libraries were purified with 0.8× AMPure XP beads (Beckman Coulter). After library profile analysis by Agilent 2100 Bioanalyzer (Agilent Technologies) and quantitative PCR quantification, the libraries were sequenced using 151 baselength read chemistry in paired-end flow cell on the Illumina MiSeq (Illumina). About 3 M useful pair-end reads were obtained. SI Methods contains further details on the bioinformatic genome assembly and annotation procedures.
Metagenomic Study. DNA was extracted from 0.52 and 0.242 g of the 1084T permafrost sample using the PowerSoil DNA isolation kit (Mo Bio) following the manufacturer's protocol except that we added 83 mM DTT to the second sample to permit a more effective lysis of the viral particles. We recovered respectively 744 ng and 1.12 μg of pure DNA (Qubit). SI Methods contains further details on the library preparation and bioinformatic analysis of the data. and left at 32°C for 30 min, before removing excess viruses. For each time point, 12 mL were recovered to make three pools (1: 30 min, 1, 2 h; 2: 3, 4, 5 h; 3: 6, 7, 9 h) for transcriptomic analysis, 3 mL for the quantitative temporal proteomic study and 3 mL for inclusions and TEM observations. Each mRNA pool was sequenced on the Illumina MiSeq platform leading to 61 million, 71 million, and 71 million paired-ended 100-nt reads, respectively, of which 96-97.8% could be mapped on the Mollivirus or A. castellanii (18) genome sequences. For proteomic study of the infection, all time points were analyzed independently. SI Methods contains further details on sample preparations. Proteome Analyses. For particle proteome and infectious cycle analyses, proteins were extracted in gel loading buffer and heated for 10 min at 95°C. Proteins were stacked in the top of a 4-12% (wt/vol) polyacrylamide gel and in-gel digested before nano-liquid chromatography (LC)-MS/MS analyses of resulting peptides. For surfome analyses, purified virions were incubated for 30 min in digestion buffer (50 mM Tris·HCl, pH 7.5, 150 mM NaCl, and 5 mM CaCl 2 ) with or without trypsin (control). After centrifugation, supernatants were digested overnight with trypsin and resulting peptides analyzed by nano-LC-MS/MS. Peptides and proteins were identified using Mascot (Matrix Science) and IRMa (28) (version 1.31.1) for particle and surface proteomes and identified and quantified using MaxQuant (29) for infectious cycle analysis. Detailed procedures are presented in SI Methods.
